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ABSTRACT
We propose and demonstrate a commercial off-the-shelf (COTs) component based cubesat phased array ground
station that offers multiple simultaneous beams for communicating with and localizing multiple visible cubesats.
The ground station uses a receiver digital beamformer based on low cost software defined radios at each antenna
element.
Phased array antennas provide spectrum reuse through spatial multiplexing, localization and tracking capabilities
and interference rejection through steerable nulls to mitigate the effects of in-band terrestrial interferers. Growing
interest in cubesats will lead to an increasingly crowded sky. Cubesat constellations may become increasingly
common as the user community expands. Uncertainty in cubesat release conditions and limited sensor capability on
the cubesat leads to uncertainty in post deployment cubesat position. Traditional ground stations are not designed to
work in this environment.
Proposed phased array ground station services include publishing beams from the digital beamformer, allowing
users to subscribe to the beams of interest at the times of interest. This represents a fundamental change in the
traditional ground station user interface which typically relies on scheduling ground station time for each user in
advance. A global network of phased array ground stations would enable the user community to take full advantage
of their cubesats.
INTRODUCTION

SDRs then COTs based phased array ground stations
may become viable alternatives to traditional
approaches in the near future.

Traditional cubesat ground stations are cost effective
solutions for tracking and maintaining communications
with a single visible cubesat at a time. Tracking and
communication with multiple visible cubesats
simultaneously traditionally requires a dedicated
mechanically steerable directional antenna and radio for
each simultaneous cubesat contact. Phased array
antennas become a viable alternative to traditional
ground stations when the cost of adding an additional
dedicated mechanically steerable antenna to an existing
ground station exceeds the cost of a multiple beam
phased array capable of simultaneously tracking the
same number of cubesats.

This work demonstrates a software radio based phased
array cubesat ground station operating at UHF using
COTs components. Simple calibration techniques and
tracking algorithms are used to demonstrate the
capabilities of a digital beamformer phased array
ground station. The proof-of-concept prototype is
shown to be easily expandable to >16 elements. Phased
array ground station cost, architecture and simulated
performance are analyzed and discussed. Experimental
results from a 4-channel proof-of-concept prototype are
presented. Proposed user services for a single ground
station are presented.

The cost of suitable COTs software define radios
(SDRs) is currently the main obstacle for the
widespread adoption of phased array cubesat ground
stations. A traditional mechanically steerable cubesat
ground station costs approximately $10K [1]. COTs
SDRs range in price from $20 (RTL-SDR, [2]) to >$2K
(Ettus N210 and SBX daughter card, [3]). If low cost
SDRs can be used for cubesat ground station
applications or the general trend of decreasing costs for
mass produced electronics is applicable to higher priced
Sheldon

PHASED ARRAY COST ANALYSIS
A 1x8 linear array was chosen to compare the cost of
traditionally implemented ground stations capable of
tracking multiple cubesats to the proposed phased array
ground station. Alternative array geometries include
grid, cross and circular arrays. Detailed analysis of
phased array geometries for cubesat ground station
applications is beyond the scope of this paper.
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Figure 2: Example UHF/VHF Cubesat Ground
Station element with full duplex capability

Figure 1: Cost breakdown of COTs based 1x8
phased array ground station

A large DC offset effectively limits the usable
bandwidth of the radio and requires the user to program
a frequency offset when observing a narrowband signal.
This can be partially eliminated in post-processing, but
can be difficult to eliminate with real-time processing.

Figure 1 is a cost breakdown of a 1x8 element UHF
receive only phased array based on the cost of the 1x4
array proof-of-concept prototype. The dominant cost of
the proposed phased array ground station is the element
level SDR.

High I/Q imbalance also limits the usable bandwidth. A
phase and/or amplitude error between the I and Q local
oscillator (LO) signals or baseband paths can cause the
positive side of the complex spectrum to leak onto the
negative side and vice versa. Depending on the
mechanism this can be calibrated out for real-time or
post-processing by injecting a tone and measuring the
phase and amplitude imbalance between the I and Q
digital signals. However, this calibration would have to
be performed for each radio LO setting. Alternatively, a
wideband digitizer could be used with a digital
downconversion to baseband for each channel of
interest.

The proof-of-concept prototype supports receive only
capability at UHF. Expanding the design to include
transmit and receive capabilities and VHF operation
would require additional RF components (switches,
power amplifiers, etc.) and a separate VHF antenna
array (Figure 2). Adding these additional capabilities
increases RF frontend complexity. RF frontend cost
may be comparable to the SDR contribution to the per
element phased array system cost.
Approximately 4 simultaneously tracked cubesats are
required for a full duplex VHF/UHF 1x8 phased array
to be cost competitive with the traditional ground
station approach, assuming that each tracked cubesat
would require a dedicated traditional directional
antenna ground station at a cost of $10K each.

Frequency and timing reference distribution and sample
synchronization are additional challenges of the
proposed architecture. The proof of concept prototype
uses an 8-channel Ettus GPS disciplined timing
reference distributing 10 MHz and 1 PPS signals to a
pair of Ettus N210 SDRs. An external MIMO cable is
used with each of these radios to reference lock a
second pair of radios. During the experiment samples
received at the laptop were not time synchronized. A
calibration signal would be required to accurately
determine the sample offset between channels. It is
currently unknown whether this would be a one-time or
regular calibration routine. Calibration may also be
required to compensate for LO phase offsets between
radios after each LO retune.

Alternative architectures, such as a subsampling
approach described below, may reduce the number of
tracked cubesats for the phased array to have a cost
advantage over a traditional ground station approach.
IMPLEMENTATION CHALLENGES
Using low-cost SDRs for downconversion and
digitization presents a series of implementation
challenges that could potentially be overcome with
calibration and post-processing to achieve the desired
performance. Some of these challenges include large
DC offset, high IQ imbalance, sample synchronization,
phase locking and gain imbalance between radios.
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The gain and noise figure of the Ettus N210 radios
varies from unit to unit by a few dB. To optimize the
coherent gain from an array the SNR of the received
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Figure 3: COTs component based 4-element proofof-concept prototype phased array block diagram
signal from each radio needs to be as close as possible.
Appropriately scaling each channel based upon SNR
can optimize the coherent gain when there are several
channels with different SNR. However, the maximum
coherent gain for a given number of channels can only
be achieved if all channels are SNR matched.
Sub-sampling is an alternative low-cost approach to
beamforming that can minimize the above effects by
eliminating the need for frequency downconversion in
the analog domain. In this architecture the “radio”
would consist of a wideband LNA, a bank of
preselector filters and a digitizer with a high sampleand-hold bandwidth. The preselector would determine
which Nyquist band would be received and digitized.
The RF signal would be directly digitized using Nyquist
folding to convert it to baseband. This approach would
introduce its own set of challenges. Reference locking
the digitizer with a relatively low frequency (ie 10
MHz) signal minimizes phasing and timing challenges.

Figure 4: Prototype testing on the roof of the
JHU/APL Space Exploration Sector building
The range between a cubesat and a fixed ground station
varies by approximately 7 dB during a typical high
elevation pass, assuming a 20 degree horizon mask.
Figure 5 is a normalized plot of an ideal ground station
antenna element beam pattern and the gain pattern of
the COTs UHF antenna chosen for the proof-of-concept
prototype [4].
Ideally, antenna gain is reduced near the horizon to
reduce the effects of terrestrial interferers. Gain
increases above the horizon to compensate for the
longer line-of-sight range. Minimum range occurs when
the cubesat is directly overhead, requiring lower gain.
Bifilar helix antennas can be designed to approximate
the desired gain pattern (Figure 5) [5].

PROOF-OF-CONCEPT PROTOTYPE
The experimental 1x4 phased array prototype is fully
composed of COTs components. Figure 3 is a diagram
of the experimental setup. Figure 4 is a photo of the test
setup on the roof of the Space Exploration Sector
building on the JHU/APL campus.

A linear phased array configuration is suitable for polar
orbiting cubesats achieving a reasonably high peak
elevation. These conditions allow simple siting of the
phased array along the North-South compass direction.
The array beam is fan shaped with the narrow
dimension of the beam along the electronically steered
North-South direction. Figure 6 is a plot of simulated
array beam patterns for 0-70 degree steering angles off
broadside in 14 degree increments. Beam attenuation at
large angles off broadside is dominated by the element
level antenna pattern.

The antennas and mechanical supporting hardware were
sourced from M2 Antenna Systems [4]. The antenna
array consists of 4 crossed loop antennas each fed by a
90 degree hybrid to provide circular polarization. The
antennas each have a ground plane to enhance
directivity. A 150 cm boom supports the antennas at 34
cm spacing on a quick deploy stand.
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Figure 6: Simulated 4-element array beam patterns
for 0-70 degree steering angles off broadside in 14
degree steering increments

Figure 5: Ideal and COTs proof-of-concept
prototype normalized antenna patterns
Figure 7 is a plot of the ground track for the Cute-1
cubesat pass over APL used for the proof-of-concept
prototype demonstration on May 5th 2016. During the
pass the cubesat azimuth deviates from the North-South
orientation of the array by <15 deg.

EXPERIMENTAL RESULTS
Phased array processing is performed offline in
MATLAB. The signal from each channel is
individually tracked and a set of phase shifts over the
course of the pass is applied to synthesize a beam that
tracked the cubesat. One of the four channels is treated
as a reference and sample offsets and phase shifts are
applied with respect to the reference.

The RF front end consists of amplifiers and bandpass
filters from Minicircuits [6]. The initial bandpass filter
is lower loss but wider bandwidth than the second
bandpass filter stage. An LNA is placed between each
filter stage and a 3dB attenuator is used to compensate
for the relatively low return loss of the LNA. This filter
configuration was chosen to balance the need for a
reasonable noise figure and adequate attenuation of out
of band signals. A 5V / 1A power supply provides
power to the RF front end.

The first processing step is to remove the sample offset
between each channel and the reference channel. Then
a 3rd-order software PLL with 8 Hz bandwidth is used
to track the satellite signal in each channel. A tracking
PLL is necessary to enable beamforming due to poor
overall SNR of the recording. Even if Pc/No is high, a
large noise bandwidth must be recorded to capture the
full Doppler shift. A 3rd-order PLL is advantageous as
the frequency sweep rate is held by the loop during
signal fades.

Ettus N210 SDRs with SBX daughter cards are
connected in pairs using vendor supplied MIMO cables
[3]. Communication with the SDRs over Gigabit
Ethernet limits this setup to 25 MS/s at 4 Bytes/sample
or 50 MS/s at 2 Bytes/sample [3]. An 8-element array
could support up to either 3 or 6 MHz bandwidth.

An example output from one PLL is shown in Figure 8.
This example is from a pass of the Cute-1 cubesat on
May 5th 2016 at the JHU/APL campus.
The
characteristic Doppler curve is clear. The time of the
highest elevation is given by the time of highest
frequency ramp rate in the PLL output. At this time the
vector to the spacecraft is normal to the line array.
Phase differences between the channels are due only to
LO phase differences and electronic path length. A
fixed phase shift applied to each channel to compensate
for these phase differences would effectively synthesize
a vertical beam in software.

Pairwise connections of the SDRs via MIMO cable
allows two radios to share a single 1 PPS and 10 MHz
reference signals, potentially reducing the cost of the
ground station. An Ettus Octoclock-G provides GPSdisciplined 1 PPS and 10 MHz reference signals to each
pair of SDRs [3]. This configuration supports up to 16
SDRs.
A laptop running GNU Radio is used to control the
SDRs and record 4-channel streaming received signals
to a file. The flow graph can be configured to provide a
real-time waterfall plot of the received signals.
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Figure 8: Measured reference channel 3rd order
PLL output
For this reason, we view these two systems as
complementary, each providing a necessary function in
future ground stations. The multi-target tracking
capability of the phased array provides ready, ondemand, lower data rate access to all of the
participating spacecraft in view, while an
accompanying high-gain antenna provides high-data
rate, scheduled access to single spacecraft when
needed. This complementary nature allows a ground
station to better serve the needs of a larger number of
spacecraft or clusters of spacecraft, by using the multitarget capability for housekeeping and beacon
monitoring and reserving high data rate capability for
more intense operations such as science download. As
technology advances continue to lower the cost per
element for phased array antennas, the cross-over in
services will move to higher data rates and possibly to
the point where dedicated high-gain systems are no
longer necessary for most operations.

Figure 7: Cute-1 ground track over JHU/APL on
May 5th 2016
The four signals are coherently summed after tracking
and applying the relative phase shifts between the
channels and the reference channel. The maximum
theoretical SNR improvement for a 4-element array is 6
dB, where signal power increases 12 dB and noise
power increases 6 dB. Figure 9 shows the SNR of the
4-channel beamformed signal throughout the pass. The
measured SNR improvement from channel to channel
varies from the 6dB ideal because of imbalances in the
SNR of each channel. The optimal weighting when
beamforming is to weight each channel by the SNR of
the channel, analogous to a classical matched filter.
The SNR of the four channels in the recording vary
independently over time, perhaps due to multipath
fading. However the SNR of the coherent sum stays
relatively flat even when individual channels appear to
fade. An optimal beamformer must account for both
phase (or time in the case of wideband signals) and
SNR when combining channels.

The phased-array antenna system provides the flexible
RF front end to a broader, software-centric ground
station architecture. This architecture strives to move
all signal processing functions into software, along with
tracking and scheduling functions. In so doing, the
ground station becomes far more scalable in that
capability is now limited by the processing power that
can be committed to pass activity and can thus exploit
software architectures that can dynamically allocate
computing power.

GROUND STATION SYSTEMS PERSPECTIVE
From an operational perspective, the phased array
antenna excels at tracking multiple spacecraft
simultaneously, albeit with modest available G/T. In
contrast, a traditional rotor-mounted antenna system
excels at directing a high gain at a single target.
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CONCLUSION
This work demonstrates a scalable UHF cubesat ground
station architecture capable of simultaneously tracking
multiple visible cubesats. An 8-element version of the
4-element proof-of-concept prototype based on COTs
components is cost competitive with traditional cubesat
ground stations when the required number of
simultaneously tracked cubesats exceeds 4. Presently,
the cost of the proposed ground station is dominated by
the SDR required for each element of the array. Low
cost SDRs could be used if they can achieve adequate
phase and sample alignment to support coherent
processing over multiple spatially distributed elements.
The proposed ground station architecture offers user
service flexibility beyond the capabilities of traditional
mechanically steerable directional antenna ground
stations. Phased array ground stations could allow users
to subscribe to digitally formed beams of interest at the
times of interest and provide users with the ability to
perform additional processing, such as localization and
tracking, on the beams of interest. This represents a
fundamental shift in ground station operations from a
rigid schedule based system to an on demand service
provider.

Figure 9: Theoretical and measured SNR of the
beamformer output and the measured SNR of each
individual channel
We envision this architecture having the following
attributes:
• Services at all levels are entirely software
defined.
• Beams formed within the phased array can be
requested and instantiated, limited only by
available processing.
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